The Coconut Leaf Beetle, Brontispa longissima, endemic to Indonesia and Papua New Guinea, has spread to many countries in Asia and the Pacific region, where it has become a serious pest. Several countries have achieved significant control of B. longissima by releasing and establishing parasitoids, such as Asecodes hispinarum and Tetrastichus brontispae, which attack immature stages of the pest. A review of previous works undertaken on the biological control of the Coconut Leaf Beetle in these countries and elsewhere indicate that a combined release of A. hispinarum, with T. brontispae is an excellent tool to control B. longissima. Biological control of B. longissima is also seen to be environmentally sound and cost effective.
Introduction
The Coconut Leaf Beetle, Brontispa longissima (Gestro) (Coleoptera: Chrysomelidae: Cassidinae: Hispines: Tribe Cryptonychini Chapuis: Brontispa Sharp) (Staines, 2012 ) is one of the most damaging pests of coconut, Cocos nucifera L. This species, which has been reported on several species of palms (Arecaceae) (Staines, 2012) , is also known as the Two-coloured Coconut Leaf Beetle or the Coconut Hispine Beetle. The larvae and adults feed on the tissues of developing and unopened leaves of palm trees. This hispid beetle can cause significant production loss, and high infestation may result in the death of the trees (Kalshoven, 1981; Liebregts and Chapman, 2004) . Damage to palms is followed by substantial yield loss. A study by the Food and Agriculture Organization (FAO) of the United Nations showed that, if left uncontrolled, the damage would be in excess of US$40 million annually in Vietnam alone (Liebregts and Chapman, 2004) .
Brontispa longissima is believed to be endemic to Indonesia, Papua New Guinea and possibly also to Malaysia (FAO, 1981; Liebregts and Chapman, 2004) . In recent years, the species has become widespread in South East Asia and the Pacific region. Outside its presumed native range, it was first detected in the Mekong Delta in Vietnam in the late 1990's (Liebregts and Chapman, 2004) . The geographical distribution of B. longissima is illustrated in Rethinam and Singh (2007) , Nakamura et al. (2012), and CABI (2014) . Two mitochondrial clades of B. longissima, each with different life history traits, are discussed in Nakamura et al. (2012, see also references therein for more details).
Chemical control of this pest has been extensively studied. Several insecticides including imidacloprid, chlorfenvinfos, diazinon, and carbofuran were used to combat the Coconut Leaf Beetle (Baringbing and Karmawati, 1992; He et al., 2006) . However, the effects of those treatments last only from several days to several weeks depending on the property of pesticides and the methods of application. In addition, chemical control substantially increased costs and threatened the ecosystem. Until 2004, this invasive pest did not have adequate natural enemies to suppress its populations in Southern East Asia. Historically, biological control has been used primarily on exotic pests (Grandgirard et al., 2008; Hall et al., 1980; Hall and Ehler, 1979) . Hence, the biological control of B. longissima was considered a good approach to tackle this pest.
Biological control as a pest control measure
Biological control is an effective control method for pestiferous insects, mites, weeds and plant diseases, using other living organisms (Flint and Dreistadt, 1998) . A compelling motivation for adoption of biological control is the reduced ongoing expenditure for pesticides, labour, specialized equipment and potentially a permanent return to ecological conditions (Norgaard, 1988 , Pickett et al., 1996 Jetter et al., 1997) . Biological control of arthropod pests becomes an important component of cost effective, environmentally benign integrated pest management .
Based on the biological control agents used, there are broad sense biological controls and classic biological controls. In the broad sense, biological control is any action of one organism against another. This approach to biological control embraces the se o nat ral ma robial ' and mi robial' agents ( aker, 1977, van Lenteren et al., 2006a) . Many biological control schemes use predatory insects and mites, insects that parasitize other insects (parasitoids) or nematodes, targeted against insect and mite pests; these are the so-alled ma robial' agents. There are also vario s mi robial' agents (ba teria, vir ses and ngi) that have been developed and applied for arthropod biological control programs (van Lenteren and Woets, 1988; van Lenteren, 2003; van Lenteren et al., 2006a van Lenteren et al., , 2006b . In its narrow sense, biological control has meant a planned introduction of a biological agent that may reduce a pest problem ( aker, 1977) . Narrow sense biological control has been applied to combat insect pests for more than hundred years, and includes classical biological control (CBC) and augmentative biological control (ABC) (van Lenteren, 2000 (van Lenteren, , 2003 van Lenteren et al., 2006a) . Classical biological control of insects, in which exotic natural enemies are introduced to control exotic pests, has been applied for more than 120 years and the release of more than 2,000 species of natural enemies have resulted in the permanent reduction of at least 165 pest species worldwide (Greathead, 1995; Gurr and Wratten, 2000) . In contrast, augmentative biological control, in which exotic or native natural enemies are periodically released, has been used for close to 90 -100 years with more than 150 species of natural enemies available on demand for the control of about 100 pest species (van Lenteren, 2003) .
Contrary to the thorough environmental risk evaluations applied in the search for natural enemies of weeds (Blossey, 1995; Lonsdale et al. 2001 , Wapshere, 1974 , potential risks of biological control agents for arthropod control has not been routinely studied in pre-release evaluations (van Lenteren and Woets, 1988; van Lenteren et al., 2003) , with the exception of several CBC programmes for which accurate non-target species testing has been used (Barratt et al., 1999; Neuenschwander and Markham, 2001) . Until now, very few problems have been reported concerning negative effects of release of arthropods for the control of pestiferous arthropods (Lynch et al., 2001) , despite more than 5,000 introductions in at least 196 countries or islands (Greathead, 1995, Gurr and Wratten, 2000; van Lenteren, 2000 van Lenteren, , 2003 . This suggests the safety of biological control approaches. However, insect pest management with biological control is undergoing dramatic change due to heightened awareness of non-target impacts and increasing scrutiny by regulatory agencies.
Discussions on the risk of release of exotic natural enemies for non-target species took a prominent place in biological control programs. Retrospective analyses of biological control projects have provided quantitative data on nontarget effects and illustrated the need for risk assessments to increase the future safety of biological control (Louda et al., 2003 , Lynch et al., 2001 . In this review, the terminologies related to biological control and environmental risk assessments (ERA) have been taken from recent publications in this area [Convention on Biological Diversity (CBD), 2002; Eilenberg et al., 2001 ; International Plant Protection Convention (IPPC), 2005; van Lenteren, 2006) ]. Thus far, very few negative reports of pest risk analysis (PRA) or ERA are found for either CBC or ABC (Greathead, 1995; Gurr and Wratten, 2000; van Lenteren, 2000 van Lenteren, , 2003 .
In the past several years, classic biological control of B. longissima by introducing exotic wasps was extensively studied and widely adopted (Wood, 2002; CFC/DFID/APCC/FAO, 2004; Chen et al., 2010; Liebregts et al. 2006; Liu et al. 2008; Lu et al. 2005a Lu et al. , 2005b Lu et al. , 2006 Sun et al., 2011; Tang et al., 2006 Tang et al., , 2007a Tang et al., , 2007b Pundee, 2009; Xu et al., 2008) . A literature review was carried out to better understand how to control the coconut hispid using parasitoid wasps in South East Asia. The foci of the search were parasitoid wasps in the family Eulophidae that attack the larval or pupal stages of B. longissima. This search included the larval parasitoid Asecodes hispinarum and the pupal parasitoid Tetrastichus brontispae.
Biological control of B. longissima
Biological control by using parasitoids, predators and entomopathogenic fungi has been shown to reduce the field population of B. longissima (Meldy et al., 2004) . Natural enemies that attack only during one stage of the pest may not achieve satisfactory control of B. longissima; observations from South Sulawesi showed that the pest had overlapping generations (Meldy et al., 2004) .
The parasitoid complex of B. longissima comprised parasitoids of eggs, larvae and pupae (Hollingsworth et al., 1988) . The common egg parasitic wasps were Haeckeliana brontispa Ferriere, Trichogrammatoidea nana Zehntner (both Hymenoptera: Trichogrammatoidae) and species of Ooencyrtus (Hymenoptera: Encyrtidae). The parasitoid of the larvae, A. hispinarum, and parasitoid of pupae, T. brontispae, were reported to be common and effective (Lever, 1969) . After scrupulous screening, those two parasitoids were selected as biocontrol agents to combat B. longissima by .
To facilitate the biological control of coconut hispids, FAO conducted a Technical Cooperation Programme (TCP) during [2003] [2004] [2005] in Vietnam, Nauru (located in the Pacific Ocean), and Maldives (located in the Indian Ocean). Under this project, collection of the parasitoid A. hispinarum from Samoa and its subsequent introduction in these countries was conducted. Initial surveys confirmed the establishment of the parasitoid in Vietnam and Maldives, where observations showed that damage to young emerging leaves was reduced. The Vietnam project showed a return on investment of US$3,000 for every dollar invested by . Since then, successful control of B. longissima with high cost/benefit ratios has been achieved in several other countries by importing and establishing the two parasitoids that attack immature stages of the Coconut Leaf Beetle. The successful locations included Celebes (Indonesia), Tahiti, Solomon Islands, Western Samoa (Volgele, 1989) , Taiwan (Chiu and Chen, 1985) , Vietnam (Viet, 2004) and China (Li et al., 2008) . Many other countries, including Thailand and Maldives, are actively mass rearing and releasing the two species of parasitic wasps against B. longissima Fu and Xiong, 2004; Htwe et al., 2013; Pundee et al., 2009; Shafia, 2004; Sindhusake and Amporn, 2004) .
Characteristic attributes of A. hispinarum and T. brontispae relevant to the success or failure of biological control
Understanding the characteristic attributes of biological control agents is very important to the success or failure of releases. Through retrospective analysis, it is clear that there are situations where arthropod biological control agents have been successful and other situations where they have failed to impact the target pest species. In other situations, biological control agents have backfired, causing more harm than good (Greathead, 1986; Hunt et al., 2008) . Studying the attributes associated with effective biological pest control and high environmental adaptability of the biocontrol agents would help in selecting potentially successful biological control projects (Berkvens et al., 2009; Haye et al., 2009; Murray et al., 2009) . Murdoch (1994) summarized a principle hypothesized to govern the effectiveness of specialized biological control agents. Agents that can persist when their prey items or host populations are very low in number should be favoured, assuming other traits equal. In addition, a number of authors have analyzed the historical record of biological control agents to identify factors or traits that are associated with success and failure (Hawkins et al., 1993; Hawkins and Cornell, 1994) . Table 1 below highlights the successful attributes of some biological agents. (Neuenschwander, 2001) Biology and mass rearing of the larval parasitoid, A. hispinarum has been conducted under laboratory conditions by several authors in various countries (Sindhusake and Amporn, 2004; Htwe et al., 2013; Lu et al., 2005a Lu et al., , 2005b Lu et al., , 2008 Sun et al., 2011; Tang et al., 2006 Tang et al., , 2007a Tang et al., , 2007b Pundee, 2009; and Viet, 2004) . In 2006, the mass rearing of both species of wasp was initiated in the Entomology and Nematology laboratory, Plant Health Laboratory Department, Agri-Food and Veterinary Authority of Singapore (AVA). Laboratory populations of these two species were established and mass rearing protocols developed (AVA, 2011, unpublished report) . The characteristics of these two species were found to be similar to those reported under laboratory conditions. Attributes of T. brontispae and A. hispinarum relevant to success or failure of releases for pest biological control are summarised in Table 2 . Qian et al. (2011) released A. hispinarum and T. brontispae simultaneously in the same locations to control B. longissima. The results indicated that B. longissima was most effectively controlled when there were 40 -60 A. hispinarum and 10 -20 T. brontispae in each container (the ratio of T. brontispae to A. hispinarum was approximately one to four). (Lu et al., 2005a (Lu et al., , 2005b Tang et al., 2007a , 2007b ).
 The effective temperature range was from 16 -32 °C (Tang et al., 2007a) .
 The highest parasitic efficiency was at 28 °C (Tang et al., 2007a) .
 Temperature had no effect on the sex ratio of the parasitoid offspring (Lu, 2008) .
 Optimum temperature at 20 -28 °C with parasitic ratio reached 95% (Chen et al., 2010) .
 When temperature was below 18°C, parasitic ratio was 52.2% and when above 30 °C, it was 69.5% (Chen et al., 2010) .
Adult longevity
 When fed with 10% honey (v/v), the average longevity of the wasp was 4.9 days (Pundee, 2009 ).
 The longest mean developmental time was 23.8 days while the shortest was 16.5 day at 28 °C (Htwe et al., 2013) .
 When fed with 10% honey (v/v), the longevity of the wasp was 13.4 days (Huang et al., 2007) .
Fecundity
 43 eggs/female (Lu et al., 2005a ) to 47.3 eggs / female (Pundee, 2009 ).
 53.6 eggs/female (Huang et al., 2007) .
Host range
 The larvae of Plesispa reichei and B. longissima but the latter was preferred (Sindhusake and Amporn, 2004; Pundee, 2009 ).
 The 3rd and 4th instars larvae of B. longissima were the best host stages for mass production (Htwe et al., 2013; Pundee, 2009; Viet, 2004) .
 Pupae of B. longissima (Ding et al., 2007) .
 Females of T. brontispae could parasitize pre-pupae and 1 to 5-day-old pupae but 1-day pupae preferred (Chen et al., 2010) .
Life cycle
 16 -23 days (Htwe et al., 2013 ).
 17.1 -46.2 days (Chen et al., 2010) .
Behaviour
 The hunting time of A. hispinarum was not affected by change of temperature range of 16 °C to 28 °C (Tang et al., 2007a) .
 The percentage of parasitized B. longissima larva increased with the increase in host density (Tang et al., 2007b) .
 The peak ovi-position was within 12 hours after mating (Lu et al., 2005b) .
 The optimal time for parasitisation was at 24 hours after emergence of adults (Pundee, 2009 ).
 The parasitization efficiency decreased with the increase in A. hispinarum density (Lu et al., 2005b) .
 The parasitized rates on pupae of B. longissima reached at 72% to 92.78% on 45 days after releasing (Ding et al., 2007) .
 6 months after release, B.
longissima per tree decreased between 3.3 to 44.3 times the original population size (Ding et al., 2007) .
 The dispersal distance was around 10-50 metres 20 days after field release.
 The longest dispersal distance was 6.06 km, seven months after release (Ma et al., 2006b) .
Asecodes hispinarum as a biological control agent
Asecodes hispinarum was reported to have originated in Papua New Guinea (Boucek, 1988; Voegele, 1989) . This parasitoid was successfully introduced into Samoa in the early 1980's for the control of B. longissima (Volgele and Zeddies, 1990) . Asecodes hispinarum was reported to be the only biological control agent that ontrolled the pest in Western Samoa d ring the 1980's. In the last thirty years, A. hispinarum has played a very important role in the control of the Coconut Leaf Beetle with no negative effects (Volgele and Zeddies, 1990) .
In 2003, FAO collected the parasitoid A. hispinarum from West Samoa and this parasitoid was identified as the main biological control agent of coconut hispids for their Technical Cooperation Projects (TCP). These were later introduced into southern Vietnam and other Asian countries to control B. longissima . In Vietnam, these tiny wasps were first reared in containment facilities and released in 15 provinces of south and central Vietnam (Viet, 2004) .
Early observations indicated that the effectiveness of the parasitoids was likely to be affected by the prevailing environmental conditions where they were relased. In view of this, FAO organized a research group to strengthen the biological control programme, and completed exploratory surveys in Indonesia, Papua New Guinea and the Solomon Islands. Results of field surveys indicated that the parasitoids spread at the rate of 5-8 km in two months and, within four months, 60-90% recovery of palms was observed . In Vietnam, it was expected that the damage levels would be reduced to levels similar to those seen in Samoa, where B. longissima damaged palms were uncommon after the release of the parasitoids (Viet, 2004) .
In the Maldives, the parasitoids established within two months after initial field releases in February 2004. The newly emerging leaves appeared to show less damage, although statistically significant reduction in damage was not observed. This reduction could be attributed to the impact of the parasitoids (Shafia, 2004) .
China organized a group of experts to study the biological control of the Coconut Leaf Beetle using A. hispinarum in Vietnam (Fu and Xiong, 2004) . Asecodes hispinarum was subsequently brought to Hainan, China, in March 2004 and after appropriate risk assessment, it was released in Hainan Province, China. To evaluate the potential efficacy of this parasitoid in Hainan, under containment conditions, a series of relevant research was conducted to study the morphology, development, behavior, biological parameters due to temperature, feeding and host range of this species (Table 2) . Asecodes hispinarum consignment did not bring dangerous microbes and parasites, and the wasps did not parasitize other important native insects, such as ladybird beetles, silkworms, honeybees, and moths (Fu and Xiong, 2004) . Therefore, A. hispinarum must be a monophagous or oligophagous insect (Sindhusake and Amporn, 2004; Pundee, 2009) . No negative impact to the environment, economy or ecology was observed (Fu and Xiong, 2004; Sindhusake and Amporn, 2004; Pundee, 2009 ) by its release and this corroborates our observations in Singapore (AVA, 2011 unpublished report).
After a safety evaluation, A. hispinarum has been released in the north (Haikou), the south (Sanya) and the east (Qionghai) of Hainan, China, since August 2004. A primary survey to study the efficacy of the released natural enemy found that the number of Coconut Leaf Beetles decreased greatly, the infested trees recovered to a certain degree, and the parasitisation rate was 10-40% (Fu and Xiong, 2004) . The effects of different larval instars of the beetle on parasitism, and the influences of temperature and humidity on development of A. Hispinarum, were also investigated. Under laboratory conditions (24° C ± 2° C and RH 75% ± 10%), the mean developmental duration of egg, larva and pupa were 2.8 days, 6.7 days and 7.5 days, respectively; the longevity of adults without nutritional supplements was 2.5 days on average. Both the temperature and nutritional supplement affected the longevity of adults, and the mean longevity of adult females was longer than that of adult males. Fecundity (per female) was 43 on average and the peak of oviposition occurred within 12 hours after mating. The functional response of A. hispinarum to 4th instar larvae of B. longissima belonged to Holling's type II and the parasitisation efficiency of A. hispinarum decreased with increase in A. hispinarum density (Fu and Xiong, 2004; Lu et al., 2005) .
Biological control in Vietnam showed huge benefits in the cost-benefit analysis. By mid 2002, around 9.4 million trees were infested by B. longissima and until mid 2004, the pest infestation had caused 30% loss in fruit production, death of 5% of trees (at an estimated cost of US$23.8 million) and had also damaged 13,000 ornamental palms at an estimated cost of US$838,000 Viet, 2004) . The cost of pesticide applications amounted to approximately US$715,000, which was borne by the federal and provincial governments. This cost did not include the labour undertaken by the farmer volunteers involved in the control programme. Overall, the cost of FAO -TCP (US$350,000) was very small when compared to the losses caused by B. longissima. Using a unit price of US$0.10 per coconut (including husk), a tentative analysis of various economical data points was conducted, predicting returns of one billion dollars over a 30-year period or returns of US$2,000-3,000 for every dollar invested in the project (Viet, 2004) . Apart from Vietnam, China, Maldives and Nauru (located in the Pacific Ocean), A. hispinarum was also found to be successful controlling B. longissima in Thailand, Cambodia, Laos, and Indonesia (Boucek, 1988; Shafia, 2004; Sindhusake and Winothai, 2004; Viet, 2004; Volgele, 1989) .
In addition to the reports from China (Fu and Xiong, 2004) , researchers in Thailand and Vietnam also did not encounter A. hispinarum parasitizing larvae of darkling beetles, Tenebrio molitor Linnaeus (Coleoptera: Tenebrionidae); lady bird beetles, Hippodamia convergens Guérin-Méneville (Coleoptera: Coccinelllidae); the common cutworm, Spodoptera litura (Fabricius) (Lepidoptera: Noctuidae); or lacewings, Mallada basalis (Walker), Chrysoperla carnea (Stephens) (the latter two Neuroptera: Chrysopidae) (Sindhusake and Winothai, 2004; Viet, 2004) . Results of host range studies further confirmed that A. hispinarum was a monophagous or oligophagous parasitoid (Sindhusake and Winothai, 2004) . The wasps would automatically disappear once their hosts vanished. Therefore, A. hispinarum is considered quite safe to non-target insects as well as plants.
Tetrastichus brontispae as a biological control agent Ferriere (1933) , considered Tetrastichus brontispae a main natural enemy of B. Longissima, as it parasitizes the larval and pupal stages. Tetrastichus brontispae was found to be native to Java, Indonesia (Kalshoven, 1981; Lever 1969; Meldy et al., 2004; Tjoa, 1953) . Studies on the use of T. brontispae as a pupal parasitoid have been carried out by many researchers (Kalshoven, 1981; Lever, 1969; Tjoa, 1953 Tjoa, , 1965 . There is a long history in the use of the wasp, T. brontispae, as a biocontrol agent. The earliest application of T. brontispae against B. longissima was as early as 1920 in Indonesia (Leefmans, 1935; Lever 1936a Lever , 1936b . Leefmans (1935) demonstrated that T. brontispa was the most effective biological agent against B. longissima. Other studies also indicated that T. brontispa had high potential as a biological control agent of the hispids. It was reported that this parasitoid efficiently controlled the pupae of B. longissima both in the laboratory as well as in the field. The percent of parasitization under laboratory conditions and in the field ranged from 76 -87% and 35 -74 % respectively. These results demonstrated the high potential of T. brontispa as a biological control agent against B. longissima (Meldy et al., 2004) .
The introduction of T. brontispae against B. longissima in Sulawesi (formerly known as Celebes) started in 1932 (Meldy et al., 2004) . Within three years, around 37,500 parasitized pupae were sent from Bogor to Makassar (Ujung Pandang). Eventually, ten rearing stations were established over South Sulawesi, and a total of around 13 million parasitized pupae were released between 1935 and 1941 in various locations. The rate of parasitization among field-collected pupae was between 70 -90%. After a gap of 5 years, it was between 20 and 40%. In 1948-1949, the rate of parasitization reached ca. 40% in the 20 locations surveyed (Franssen and Tjoa, 1952) . The establishment of T. brontispae brought B. longissima under control.
The eulophid T. brontispae was found to parasitize around 60-90% of the pupae and around 10% of the larvae of B. longissima (Kalshoven, 1981; Tjoa, 1953) . About 20 wasps emerged from one B. longissima pupa in around 18-days (Chiu et al., 1988 , Tjoa 1953 ). Hyperparasitoids had not yet been observed on any T. brontispa (Kalshoven, 1981, Tjoa; 1953; Lever, 1969) .
Tetrastichus brontispa parasitizing the hispids in Pakuwon (West Java), Central Java and South Sulawesi was around 36.4%, 11.1% and 50.6, respectively. The level of parasitization was considered lower than that reported by Kalshoven (1981) , who reported parasitization of 10% for larvae and 60-90% for pupae. The differences could have been due to environmental conditions in every location, insects and plant biodiversity (Kalshoven, 1981) .
On Banika Island (Russell Group, located in the Pacific Ocean), T. brontispae was first released against B. longissima in 1936 (Lever, 1937) . In 1938, it was reintroduced in the Solomon Islands without controlling the Coconut Leaf beetle. Another introduction in 1968 succeeded and the parasitoid spread over 100 acres by the end of 1969, with effective control achieved and 70% parasitization. The parasitoid spread rapidly and greatly reduced the infestation (Stapley, 1973 (Stapley, , 1979 . This wasp was also imported to Rabaul (New Britain in Papua New Guinea) from the Solomon Islands in 1936. Large numbers were released near Rabaul and parasitized pupae were recovered (O'Connor, 1940; Froggatt and O'Connor, 1941) .
On Saipan (Philippine Islands) and Rota Island (located in the Pacific Ocean), T. brontispae, obtained from Java, were released in 1948 for the control of B. longissima. The parasitoids appeared to be well established by 1954, sometimes providing parasitization of up to 90 % (Stapley, 1971 (Stapley, , 1973 (Stapley, , 1979 . The rearing and release of the pupal parasitoid T. brontispae for the control B. longissima was recommended as an important hispid beetle management measure (Stapley, 1979) .
Tetrastichus brontispae was introduced into the Noumea Peninsula, New Caledonia where it became established. However, the rate of parasitization did not exceed 24%, and even a combination with fungal diseases did not reduce the incidence of the pest to a satisfactorily low level, though no negative effects were observed (Cochereau, 1969) .
In 1974, T. brontispae was introduced into Guam, New Hebrides, New Caledonia and the Solomon Islands with shipments from Saipan. The parasitoids became established and in the early 1980s, rates of parasitization ranging from 2 to 72 % in different locations were reported (Muniappan et al., 1980) . In Darwin, Australia, T. brontispae was imported from New Caledonia as a biological control agent against B. longissima in 1982 (Chin and Brown, 2001; Halfpapp, 2001) when it was first detected in 1979. The initial introduction was not successful, but a new introduction in 1984 established the wasps for five years before they disappeared (Halfpapp, 2001) . Tetrastichus brontispae was reintroduced in Darwin in 1994 and established in moderate numbers for almost two years. Between October 1994 and March 1997, the beetle damage to the coconut palms was reduced by 20% at the sites where T. brontispae was released. The parasitoid became established in larger population at sites that were irrigated with overhead sprinklers. After November 1996, the numbers of T. brontispae diminished and the wasp could not be collected from any of the release sites or nearby areas. The climate at the northern tip of the Northern Territory may have been responsible or the parasitoid's ail re to be ome established, as T. brontispae is probably better suited for a milder tropical climate (Chin and Brown, 2001) . Only in North Queensland did the release of T. brontispae demonstrate effective control of B. longissima. From the Australian experience, it was reported that successful releases were dependent on the initial release of large numbers of T. brontispae (Halfpapp, 2001) .
In Samoa and American Samoa, T. brontispae have been mass-released since 1981 for the long-term control of B. longissima. From 1984 to 1987, a steady decline in damage was observed after the release of T. brontispae as well as the larval parasitoid, Asecodes sp. (Volgele and Zeddies, 1990) . The incidence of palms damaged by B. longissima in plantations and villages was 4 and 22.9% respectively (Volgele and Zeddies, 1990) . In American Samoa approximately 74 % of all the palms were infested, compared with only 14.3 % in Samoa. Damage to the total leaf area of coconut palms by B. longissima was 10% in American Samoa and only 1-2% in Samoa. A survey revealed that Asecodes sp. was an important cause of larval mortality in Samoa whereas no parasitoids were found in American Samoa (Volgele and Zeddies, 1990 ). An extensive survey of the 37,000 damaged trees in Western Samoa showed that B. longissima was under control and did not cause any significant yield losses (initial production losses were estimated to be as high as 50 -70%). Since 1954, biological control has been a primary method of pest management in American Samoa (Tauili'-ili and Vargo, 1993) .
Ten releases of a total of 11,456 T. brontispae adults were made from January to July 1984 in Chenchinhu, Taiwan, and seven releases of 4,881 parasitoids were made from February to June 1984 in Linbien, Taiwan. The percentage parasitisation of pupae recorded from field recoveries at the two sites were 21 -79% and 9 -36%, respectively. The parasitoid prevented most host larvae from developing into adults at Chenchinhu, whereas at Linbien, the chrysomelid populations were not effectively suppressed (Chiu and Chen 1985) . The parasitoid had established at distances of up to 2 -8 km from the release site at Chenchinhu (Chiu et al., 1988) . The establishment of T. brontispae as a biological control agent of B. longissima in Taiwan was confirmed by Chiu et al. (1988) . Tetrastichus brontispae was introduced to Hainan, Mainland China, from Taiwan in 2004 (Fu and Xiong, 2004) .
According to Heroetadji (1989) , the parasitoid, T. brontispae parasitizes the larvae and pupae of Plesispa reichei and P. nipae as well as B. longissima. No negative effects were reported in countries where T. brontispae was released for hispid control in the last 50 years. The application of A. hispinarum and T. brontispae against B. longissima by different countries/regions is summarised in Table 3 . (Fu and Xiong, 2004) .
Indonesia

1983
Brontispa longissima recorded in West and Central Java, S.E. Sulawesi, Bali, etc Meldy et al., 2004) .
Pupal parasitoid (T. brontispae), entomopathogenic fungi (Metarhizium anisopliae var. anisopliae and Beauveria bassiana) were used. Under field conditions, 35.7 to 73.6 % parasitisation of the hispid was achieved (Meldy et al., 2004) .
Lao PDR People's Democratic Republic
2001
Infestation and damage in six villages within two provinces (Khennavong, 2004) .
Asecodes hispinarum was introduced and released (Khennavong, 2004) .
Maldives
1999
On Sun Island resort, Nalaguraidhoo and in South Ari Atoll (Shafia, 2004 ) .
The parasitoid, A. hispinarum, was reared, released and established in Maldives (Liebregts and Chapman, 2004; Shafia, 2004 (Viet, 2004) .
The parasitoid, A. hispinarum, was reared, released and established in Vietnam (Liebregts and Keith, 2004; Viet, 2004) .
Conclusions and Recommendations
The Coconut Leaf Beetle, B. longissima, an endemic pest in Indonesia and Papua New Guinea, has devastated palms in many countries in and outside this region. Controlling this pest using natural enemies has proved effective. A literature review has indicated that B. longissima could be successfully brought under sustainable control by applying environmentally friendly classical biological control agents, such as Asecodes hispinarum and Tetrastichus brontispae, as shown in many Southeast Asian and Pacific countries.
Complete control of B. longissima with high cost/benefit ratio was achieved in several countries by importing and establishing parasitoids that attacked immature stages of the pest. The larval parasitoid A. hispinarum, collected and introduced in Vietnam, Maldives and Nauru to combat the beetle was quite successful in reducing the population of coconut hispids, resulting in great economic benefit. Other successful locations included some Pacific Islands, as well as East and Southeast Asian countries. The wasps are now being reared and released in Thailand, Laos, Cambodia, China, and Malaysia.
As compared to A. hispinarum, T. brontispae employed as a biocontrol agent to combat coconut hispid beetles had a longer history and proved to be the most effective biocontrol agent against the coconut hispid beetles as early as 1920. The results of biological experiments involving the parasitoids showed that both A. hispinarum and T. brontispae had wide ranges of adaptation to temperature, thermal tolerance, short developmental time and highreproductive capacity. In addition, both A. hispinarum and T. brontispae had reasonable parasitic rates against their host insects ( Chalerm and Amporn, 2004; Chen et al., 2010; Htwe et al., 2013; Liu et al. 2005 Liu et al. a, 2008 Lu et al., 2005b; Sun et al., 2011; Tang et al., 2006; Tang et al., 2007a Tang et al., , 2007b Pundee, 2009; Viet, 2004) .
This literature review has revealed that A. hispinarum and T. brontispae have been used as biocontrol agents against B. longissima. Results of our observations in Singapore of more than 20 generations of A. hispinarum were not associated with any harmful microbes or other hyperparasitoids. With a very narrow host range and either monophagous or oligophagous, these parasitoids die off once the host population has reached a low threshold. Therefore, releasing these two parasitoids for control of B. longissima offers a safe and effective alternative with minimal impact to the environment.
Natural enemies attacking only a single stage of the pest might not achieve satisfactory B. longissima control, as results from South Sulawesi indicated that the pest had overlapping generations. Hence better control would be envisioned when both the larval parasitic wasps, A. Hispinarum, and pupal parasitic wasps, T. brontispae are used concurrently as biological control agents against B. longissima.
Parasitism commonly results in a unique array of host physiological responses and adaptations. These physiological changes are often manifested by altered host behaviour. The functional and evolutionary relationships between the two species of parasitoids and their host insects, hispid beetles, need to be studied further. Physiological effects may be assessed as to whether they affect fitness and confer benefit or harm to one or both of the symbionts involved. It would be useful if these physiological responses, specifically neural, endocrine, neuromodulatory and immunomodulatory components which may interact to modify host behaviours, are examined. Results of adaptation strategies of hispids to both parasitic wasps and host plants can vastly improve the efficacy of future hispid biological control programmes.
